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Summary
Glutamyl-tRNA synthetase (GluRS) is one of the
aminoacyl-tRNA synthetases that require the cognate
tRNA for specific amino acid recognition and activa-
tion. We analyzed the role of tRNA in amino acid recog-
nition by crystallography. In the GluRStRNAGluGlu
structure, GluRS and tRNAGlu collaborate to form a
highly complementary L-glutamate-binding site. This
collaborative site is functional, as it is formed in the
same manner in pretransition-state mimic, GluRS
tRNAGluATPEol (a glutamate analog), and posttran-
sition-state mimic, GluRStRNAGluESA (a glutamyl-
adenylate analog) structures. In contrast, in the GluRS
Glu structure, only GluRS forms the amino acid-bind-
ing site, which is defective and accounts for the bind-
ing of incorrect amino acids, such as D-glutamate
and L-glutamine. Therefore, tRNAGlu is essential for
formation of the completely functional binding site
for L-glutamate. These structures, together with our
previouslydescribedstructures, reveal that tRNAplays
a crucial role in accurate positioning of both L-gluta-
mate and ATP, thus driving the amino acid activation.
Introduction
Aminoacyl-transfer RNA (tRNA) synthetases (aaRSs)
constitute a set of enzymes responsible for catalyzing
the aminoacylation of tRNAs in protein biosynthesis.
*Correspondence: yokoyama@biochem.s.u-tokyo.ac.jpAn aaRS selects a cognate amino acid and tRNA pair
with a high degree of accuracy, and, thereby, the error
rate of genetic code translation is reduced to a tolerable
level. The aaRSs are modular enzymes composed of the
core catalytic domain and some additional domains for
discrete functions, such as tRNA binding, oligomeriza-
tion, and amino acid proofreading. There are two types
of evolutionarily unrelated catalytic cores, and, thus, the
20 aaRSs are divided into two classes (Cusack, 1995;
Eriani et al., 1990). The class-I core is characterized by
the Rossmann fold and the two sequence motifs, HIGH
(His-Ile-Gly-His) and KMSKS (Lys-Met-Ser-Lys-Ser),
while the class-II core consists of an antiparallel b sheet
with three conserved motifs. The aminoacylation reac-
tion takes place at the catalytic site on the core domain,
which binds all three of the substrates: amino acid, ATP,
and the 30-terminal adenosine of tRNA (A76). The reac-
tion generally consists of two steps: the amino acid is
first activated with ATP to generate an enzyme-bound
intermediate, aminoacyl-adenylate (aa-AMP), and then
its aminoacyl moiety is transferred to A76.
The glutamyl-, glutaminyl-, and arginyl-tRNA syn-
thetases (GluRS, GlnRS, and ArgRS, respectively) are
known as the class-I enzymes that can catalyze the ini-
tial amino acid activation reaction only in the presence of
the cognate tRNA (Deutscher, 1967; Lapointe and So¨ll,
1972; Lee et al., 1967; Mehler and Mitra, 1967; Mitra
and Mehler, 1966, 1967; Ravel et al., 1965). This special
property is also shared by the unusual class-I lysyl-tRNA
synthetase (LysRS-I), which exists only in archaea and
several bacterial taxa (Ibba et al., 1997a, 1997b). For
these aaRSs, the tRNA is postulated to serve as the
enzyme activator in the first step, and as the substrate
in the second step of aminoacylation (Lee et al., 1967;
Mehler and Mitra, 1967; Mitra and Mehler, 1966, 1967;
Ravel et al., 1965; Kern and Lapointe, 1980). Com-
parisons of the tRNA-free and tRNA-bound enzyme
structures have revealed tRNA-induced enzyme confor-
mational changes for GluRS, GlnRS, and ArgRS (Dela-
goutte et al., 2000; Sekine et al., 2003; Sherlin and
Perona, 2003). Our previous comparison of the crystal
structures of Thermus thermophilus GluRS in different
substrate/ligand-bound states revealed that tRNAGlu
binding introduces a conformational rearrangement in
the GluRS structure, including the substrate-binding/
catalytic site (Table 1) (Sekine et al., 2003). In the com-
plex of GluRSATPL-Glu (ERS/ATP/Glu), ATP binds to
a ‘‘nonproductive’’ subsite within the ATP-binding site
of the GluRS. The ATP a-phosphate and the glutamate
a-carboxyl groups are too far apart to react, thus ac-
counting for the enzymatic incompetence in the ab-
sence of tRNA. In contrast, in the GluRStRNAGluATP
(ERS/tRNA/ATP) complex, the ATP binds to the ‘‘pro-
ductive’’ subsite, due to the tRNA-induced rearrange-
ment of the binding site, and this may, at least partially,
account for the structural basis of the tRNA-dependent
enzyme activation for amino acid activation.
These four class-I aaRSs also require tRNA, as an en-
zyme cofactor, for the specific (or optimized) recognition
of their cognate amino acid. The amino acid-binding site
Structure
1792Table 1. Thermus thermophilus GluRS Crystal Structures
Code Constituents Resolution (A˚) PDB ID Reference
ERS GluRS 2.5 1GLN Nureki et al., 1995
ERS/tRNA GluRS and tRNAGlu 2.4 1G59 Sekine et al., 2001
ERS/ATP GluRS and ATP 1.9 1N75 Sekine et al., 2003
ERS/ATP/Glu GluRS, ATP, and L-Glu 1.8 1J09 Sekine et al., 2003
ERS/tRNA/ATP GluRS, tRNAGlu, and ATP 2.4 1N77 Sekine et al., 2003
ERS/tRNA/GoA GluRS, tRNAGlu, and L-glutamol-adenylate 2.1 1N78 Sekine et al., 2003
ERS/Glu GluRS and L-Glu 1.98 2CUZ This work
ERS/tRNA/Glu GluRS, tRNAGlu, and L-Glu 2.4 2CV0 This work
ERS/tRNA/ATP/Eol GluRS, tRNAGlu, ATP, and L-glutamol 2.2 2DXI This work
ERS/tRNA/ESA GluRS, tRNAGlu, and L-glutamyl-sulfamoyl adenosine 2.69 2CV2 This workof Escherichia coli GluRS is reportedly incomplete, and
the presence of the cognate tRNAGlu facilitates gluta-
mate binding by the enzyme (Kern and Lapointe, 1979).
T. thermophilus GluRS, in the absence of tRNA, binds
not only L-glutamate, but also noncognate amino acids,
such as D-glutamate, L-aspartate, and L-glutamine
(Hara-Yokoyama et al., 1986). The binding of the non-
cognate amino acids is eliminated upon tRNAGlu binding
to the enzyme. Similarly, the Bacillus stearothermophi-
lus andNeurospora crassaArgRSs can bind the cognate
arginine only in the presence of tRNAArg (Nazario and
Evans, 1974; Parfait and Grosjean, 1972). For GlnRS,
perturbations of the enzyme-tRNA interaction, by mutat-
ing either the tRNAGln identity nucleotide(s) or its protein
counterpart(s), increase the Michaelis constant (Km) of
glutamine (Hong et al., 1996; Ibba et al., 1996; Liu et al.,
1998). A similar phenomenon was also reported for
LysRS-I (Ibba et al., 1999). These findings led to the
proposal that the binding of the cognate tRNA causes
maturation of the amino acid-binding site of these syn-
thetases, and, therefore, that these enzyme-tRNA pairs
work together as a kind of ribonucleoprotein (Geslain
et al., 2000; Hong et al., 1996). However, the structural
basis of the tRNA-dependent, specific amino acid recog-
nition has remained obscure, as the differences in the
enzyme interactions with the amino acid in the absence
and presence of tRNA have not been studied. It is also
important to understand how this tRNA-assisted amino
acid recognition is linked to the tRNA-dependent amino
acid activation.
In the present study, we analyzed the crystal struc-
tures of T. thermophilus GluRS in four different liganded
states: GluRSL-Glu (ERS/Glu), GluRStRNAGluL-Glu
(ERS/tRNA/Glu), GluRStRNAGluATPL-glutamol (ERS/
tRNA/ATP/Eol), and GluRStRNAGluL-glutamyl-sulfa-
moyl adenosine (ERS/tRNA/ESA), where Eol and ESA are
analogs of glutamate and glutamyl-adenylate, respec-
tively (Bernier et al., 2005; Desjardins et al., 1998) (Table 2).
These structures, in combination with the previous GluRS
structures (Nureki et al., 1995; Sekine et al., 2001, 2003),
shed light on the molecular mechanism of the tRNA-assis-
ted amino acid recognition and activation by GluRS.
Results and Discussion
Structure Determination
Four crystal structures of T. thermophilus GluRS were
solved: GluRS complexed with L-glutamate (ERS/
Glu); GluRS complexed with tRNAGlu and L-glutamate
(ERS/tRNA/Glu); GluRS complexed with tRNAGlu, ATP,and L-glutamol (Eol) (ERS/tRNA/ATP/Eol); and GluRS
complexed with tRNAGlu and L-glutamyl-sulfamoyl
adenosine (ESA) (ERS/tRNA/ESA) (Table 2). All of these
structures were solved by molecular replacement, using
the coordinates of the free GluRS or the GluRStRNAGlu
binary complex as a starting model, and were refined to
resolutions that allowed unambiguous interpretation of
substrates/ligands interactions by the GluRS or the
GluRStRNAGlu complex. Comparisons of these struc-
tures were performed by superposition of the enzyme
catalytic cores (see Experimental Procedures). In com-
bination with our previous studies, we now have ten
crystal structures of T. thermophilus GluRS: the free
GluRS, all seven of its possible substrate-bound states,
and two analogs of the posttransition state of the first
reaction step (Table 1).
Glutamate Recognition in the Presence of tRNA
The ERS/tRNA/Glu structure clearly shows the electron
density for the glutamate bound to the enzyme-tRNA
complex (Figures 1B and 1D and Table 2). The intimate
collaboration between the GluRS and tRNAGlu forms a
single, oval-shaped cavity that is highly complementary
to the glutamate substrate (Figures 2A and 2B). Seven
amino acid residues, Arg5, Ala7, Glu41, Tyr187, Asn191,
Arg205, and Trp209, and a single nucleotide residue, A76
(the 30-terminal adenosine of tRNAGlu), directly contact
the glutamate. One side of the cavity is open, to allow
ATP to bind and react with the amino acid (Figure 2B).
The glutamate side-chain recognition is achieved at
the ‘‘bottom’’ of the cavity by four GluRS residues:
Arg5, Tyr187, Asn191, and Arg205 (Figures 2A, 2B, and
3A). Arg5 forms a salt bridge with the glutamate g-
carboxyl group at the depths of the cavity (Figure 3A).
The Arg5 guanidinium group forms the other salt bridge
with Asp195, and this interaction presumably maintains
the side-chain conformation of Arg5. Arg205 interacts
with one of the glutamate g-carboxyl oxygens from the
other side of Arg5. Arg5 and Arg205 appear to play a
major role in determining the glutamate specificity as
electrostatic counterparts of the negatively charged
g-carboxyl group. Tyr187 tightly interacts with one of the
g-carboxyl oxygens. Asn191 occupies the space be-
tween Arg5 and Tyr187, and contacts the glutamate.
The Tyr187, Asn191, and Asp195 side chains protrude
from one side of the seventh a helix (a7) of the GluRS.
Arg5, Tyr187, Asp195, and Arg205 are absolutely con-
served in the available GluRS sequences. On the other
hand, Asn191 is replaced by a smaller Val, Cys, or Ser
residue in many GluRSs. The major role of Asn191
tRNA-Dependent Amino Acid Recognition by GluRS
1793Table 2. Crystallographic Data and Refinement Statistics
Complex
1 2 3 4
Code ERS/Glu ERS/tRNA/Glu ERS/tRNA/ATP/Eol ERS/tRNA/ESA
Macromolecules GluRS GluRS & tRNAGlu GluRS & tRNAGlu GluRS & tRNAGlu
Ligands L-Glu L-Glu ATP & L-Glutamol L-Glutamyl-sulfamoyl adenosine
Data Set
SPring-8 BL station BL44XU BL44XU BL41XU BL41XU
Space group P212121 C2221 C2221 C2221
Unit cell (A˚) a = 81.2 a = 110.7 a = 110.6 a =110.3
b = 84.0 b = 219.3 b = 219.8 b = 219.8
c = 83.7 c = 135.4 c = 135.9 c =135.8
Resolution (A˚) 50–1.95 50–2.35 50–2.1 50–2.6
Unique reflections 42,213 67,216 94,855 47,508
Completeness (%) 98.5 (98.5)a 96.9 (98.3) 99.6 (100) 99.5 (100)
Mean I/s 23.3 (2.00)b 14.5 (1.92) 19.2 (1.89) 13.9 (2.35)
Rmerge (%)
c 6.4 (70.5)d 9.8 (64.8) 8.5 (67.1) 12.3 (76.3)
Refinement
Resolution (A˚) 20–1.98 20–2.4 20–2.2 46–2.69
Reflections 40,405 62,447 83,516 45,875
Rcryst (%)
e 22.8 21.2 21.4 20.0
Rfree (%)
e 26.3 27.1 25.7 26.0
No. protein chains 1 2 2 2
No. RNA chains — 2 2 2
Rmsd bonds (A˚) 0.012 0.009 0.010 0.009
Rmsd angles () 1.5 1.5 1.4 1.4
Rmsd improper angles () 1.1 1.6 1.6 1.6
Ramachandran Plot (%)
Most favored 94.0 94.3 95.2 93.3
Additional allowed 6.0 5.7 4.8 6.7
a Completeness in the highest resolution shell is listed in parentheses.
b <I/s> in the highest resolution shell is listed in parentheses.
c Rmerge = SjI 2 <I>j/SI, where I is the observed intensity of reflection.
d Rmerge in the highest resolution shell is listed in parentheses.
e Rcryst, free = SjFobs 2 Fcalcj/SFobs, where the crystallographic R-factor is calculated including and excluding refinement reflections. In each
refinement, free reflections consist of 5% of the total number of reflections.seems to be filling up the space formed between the
crucial Arg5 and Tyr187, rather than forming a direct,
polar interaction with the amino acid (Figures 2A
and 3A).
On the other hand, the main chain of the glutamate is
docked at the ‘‘lid’’ of the glutamate-binding cavity by in-
teractions with two amino acid residues and a single
nucleotide residue: Ala7, Glu41, and A76 (Figures 2A,
2B, and 3A). Thea-NH3
+ group of the glutamate substrate
is bound to the main-chain carbonyl of Ala7 and the side
chain of Glu41 (Figure 3A). The A76 20- and 30-hydroxyl
groups interact with the glutamate a-carboxyl and
a-NH3
+ groups, respectively, to form the lid of the cavity.
This is consistent with the previous observation that
periodate-oxidized tRNAGlu cannot support glutamate
binding by E. coli GluRS (Kern and Lapointe, 1979). Fi-
nally, Ala7, Tyr187, and Trp209 form a hydrophobic inte-
rior wall of the cavity, which wraps around the glutamate
side-chain methylene groups (Figures 2A, 2B, and 3A).
The recognition mechanism of the glutamate sub-
strate in ERS/tRNA/Glu is fundamentally the same as
the product-binding mechanism in the previously deter-
mined ternary complex of GluRS, tRNAGlu, and gluta-
mol-AMP (GoA), a product analog of the first reaction
step (ERS/tRNA/GoA; Table 1) (Sekine et al., 2003).
This suggests that the manner of glutamate recognitionby the enzyme-tRNA complex is maintained throughout
the amino acid activation reaction.
Immature Glutamate-Binding Site
in the Absence of tRNA
The high-resolution crystal structure of ERS/Glu (Fig-
ures 1A and 1C and Table 2) revealed that the manner
of glutamate binding by GluRS in the absence of tRNA
differs from that in the presence of tRNA. In ERS/Glu,
the glutamate a-NH3
+ group is anchored to the catalytic
Rossmann fold b sheet (b1) by interacting with Ala7
(main chain), Ser9, and Glu41, in three different direc-
tions (Figures 2C and 3B). Ser9 is also close to the gluta-
mate a-carboxyl group, substituting for the A76 ribose
in ERS/tRNA/Glu. However, as the position of Ser9 in
ERS/Glu differs from that of A76 in ERS/tRNA/Glu, the
positions and orientations of the glutamate main-chain
moiety significantly differ between the two complexes
(Figures 2A, 2C, and 3). The glutamate a-carboxyl group
in ERS/Glu is shifted by about 1.3 A˚ relative to that in
ERS/tRNA/Glu (Figure 2E), and, thereby, it protrudes
into the ATP-binding cavity (Figures 2C and 2D).
As a consequence, in ERS/Glu, the glutamate side-
chain moiety is not well docked at the ‘‘bottom’’ of the
cavity. The entire glutamate molecule is shifted toward
the ‘‘lid’’ of the cavity (downward in Figure 2C). The
Structure
1794Figure 1. Glutamate-Bound T. thermophilus GluRS Crystal Structures
(A) Ribbon representation of the ERS/Glu structure. The five domains, the Rossmann fold, connective-peptide (or acceptor binding), stem-
contact fold (Sugiura et al., 2000), and two anticodon-binding domains, are colored deep orange, blue, green, light blue, and slate, respectively.
The enzyme-bound L-glutamate molecule is shown as a yellow cpk model.
(B) Overall structure of ERS/tRNA/Glu. The tRNAGlu molecule in the complex is colored yellow. The bound L-glutamate molecule is shown as
a green cpk model.
(C) The electron density showing the glutamate molecule in ERS/Glu. An annealed jFo 2 Fcj omit electron density map was calculated using all
data from 20.0 to 1.98 A˚ resolution and the GluRS model without glutamate. The refined model of glutamate (yellow stick model) is superimposed
on the density contoured at 3.3 s.
(D) The omit electron density map showing the glutamate molecule and the 30-end moiety of tRNAGlu (A76) in ERS/tRNA/Glu. The refined models
of glutamate (green) and A76 (salmon) are superimposed on the density contoured at 3.3 s. All of the molecular graphics were prepared by using
PyMOL (http://www.pymol.org).glutamate g-carboxyl group does not form a canonical
salt bridge with the Arg5 guanidinium group. They do
not face each other, and their mutual distance is greater
than that in ERS/tRNA/Glu (Figures 2 and 3). The gluta-
mate g-carboxyl interactions with Arg205 and Asn191
in ERS/tRNA/Glu are not observed in ERS/Glu, although
the tight hydrogen bonding interaction between the
glutamate g-carboxyl and Tyr187 hydroxyl groups is
retained. Tyr187 in ERS/Glu appears to deform the g-
carboxyl-binding site, thus preventing the glutamate
molecule from binding to the bottom of its binding pocket.
Thus, the glutamate-binding site seems to be ill de-
fined in the absence of tRNA, in contrast to the highlyspecific binding site formed in the presence of tRNA.
The conformation and position of the bound glutamate
are distinct (Figure 2E). The decreased number of (pro-
tein and RNA) contacts to glutamate in ERS/Glu, as com-
pared with that in ERS/tRNA/Glu, is in good agreement
with the decreased glutamate-binding affinity of the en-
zyme in the absence of tRNA (Kern and Lapointe, 1979).
Amino Acid Specificity Generated in the GluRS-tRNA
Complex
The metastable L-glutamate binding in ERS/Glu seems
to explain why T. thermophilus GluRS binds noncognate
amino acids, such as L-glutamine and D-glutamate, inFigure 2. Glutamate-Binding Pockets in the
Absence and Presence of tRNAGlu
(A) The glutamate-binding site structure in
ERS/tRNA/Glu is shown with its solvent-
accessible surface (transparent gold). The
bound glutamate molecule is shown as a
green stick model. The amino acid residues
that interact with glutamate and A76 are
colored white and salmon, respectively. In
this panel, Arg205 and Trp209, which cover
the glutamate molecule, are omitted.
(B) The same structure as in (A), but viewed
from the direction of the glutamate a-
carboxyl group (direction shown by the blue
arrow in [A]).
(C) The glutamate-binding site structure in
ERS/Glu. The bound glutamate molecule is
shown as a yellow stick model.
(D) The same structure as in (C), but viewed
from the direction of the glutamate a-car-
boxyl group (shown by the blue arrow in [C]).
(E) Overlay of the glutamate molecules in the
ERS/tRNA/Glu (green) and ERS/Glu (yellow)
complexes. The catalytic domains in the two
complexes were superposed.
tRNA-Dependent Amino Acid Recognition by GluRS
1795the absence of tRNA (Hara-Yokoyama et al., 1986). We
constructed models of GluRS complexed with L-gluta-
mine and D-glutamate, based on the ERS/Glu structure
(Figure 4). Glutamine is sterically comparable to gluta-
mate, and the difference is that the g-carboxyamide
group in the former replaces the g-carboxyl group in the
latter. In ERS/Glu, the glutamate g-carboxyl group is far
from Arg5 and Arg205, and does not form a face-to-face
interaction with Arg5 (Figure 4A). Therefore, glutamine
could occupy the same site in the absence of tRNA
(Figure 4B). The noncognate glutamine interaction, how-
ever, seems to be weaker than that of glutamate, as the
g-amide NH in the glutamine model is still close to the
Arg5 NH1, consistent with the previous biochemical
observation (Hara-Yokoyama et al., 1986). On the other
hand, in ERS/Glu, the L-glutamate a-carboxyl group
does not interact with any protein residues, and it
Figure 3. Glutamate Interaction Manners in the Absence and
Presence of tRNAGlu
(A) A stereo view showing the manner of glutamate recognition by
the GluRStRNAGlu complex in the ERS/tRNA/Glu structure. The
bound glutamate, the protein amino acid residues, and A76 are
colored green, white, and salmon, respectively.
(B) The GluRS-glutamate interaction in the ERS/Glu structure (stereo
view). The glutamate molecule is colored yellow.protrudes toward the ATP-binding cavity (Figure 4A).
Hence, D-glutamate could also occupy the same site
without a severe steric obstacle (Figure 4C).
In contrast, the specific L-glutamate-binding site
formed on the enzyme-tRNA complex would not allow
such noncognate amino acid interactions (Figure 2A).
The L-glutamate a- and g-carboxyl groups are accom-
modated in the well-defined, complementary binding
site, while the noncognate amino acids could not occupy
the same place (electrostatic discrepancy for the L-glu-
tamine g-carboxyamide group and steric hindrance for
the D-glutamate a-carboxyl group).
Role of tRNA in the Formation of the Amino
Acid-Binding Site
A comparison of the ERS/Glu and the ERS/tRNA/Glu
structures reveals the crucial role of tRNA in the cognate
amino acid recognition. The tRNAGlu molecule takes part
in the amino acid recognition by directly interacting with
glutamate and by inducing a conformational change in
the glutamate-binding site. Notably, the tRNA 30 end
(A76) functions as part of the amino acid-binding site
to define the position and the conformation of the sub-
strate glutamate. Upon binding to GluRS, the A76 ribose
‘‘pushes’’ the substrate glutamate into the ‘‘bottom’’ of
the glutamate-binding cavity, thereby becoming its
‘‘lid’’ (Figure 5A). The glutamate a-carboxyl and a-NH3
+
groups interact with the 20- and 30-hydroxyl groups, re-
spectively, of A76, while the glutamate contact with
Ser9 is lost. Thus, the orientations of the Ser9 side chain
in the two complexes are different. The glutamate
a-NH3
+ group interactions with Ala7 and Glu41 are pre-
served, but the Glu41 side chain changes its conforma-
tion upon tRNA binding to adapt to the different gluta-
mate position (Figures 3 and 5A).
The binding of the tRNA acceptor stem and the
30-CCA end to the GluRS introduces anw7 rotation of
the CP (acceptor-stem binding) domain relative to the
catalytic Rossmann fold domain (Sekine et al., 2003).
This conformational change affects the structure of the
catalytic domain, including the glutamate-binding site.
A single a helix (a7, residues 187–198), which follows the
CP domain, is shifted by about 1 A˚ downward upon
tRNAGlu binding (Figure 5A). The side chains of Tyr187,
Asn191, and Asp195 protrude from one side of this helix
and are concomitantly shifted. On the other hand, the
CP domain rotation and the direct tRNA-acceptor stem
(nucleotide residues 3–5, 70, and 71) interactions cause
a slight deviation of b10-a8 (amino acid residuesFigure 4. Models of Noncognate Amino Acid
Interactions
(A) The L-glutamate binding in the ERS/Glu
crystal structure. The bound glutamate and
the protein amino acid residues are colored
yellow and white, respectively.
(B) A virtual model of L-glutamine (purple)
bound to the same GluRS structure. One
of the L-glutamate g-carboxyl oxygens was
replaced by the amide nitrogen to make the
L-glutamine model.
(C) A model of D-glutamate (deep yellow)
bound to the same GluRS structure. The
a-carboxyl group of the L-glutamate was
modified to make the D-isomer model.
Structure
1796Figure 5. The tRNA-Induced Conformational
Switch within the Glutamate-Binding Site
(A) The amino acid-binding site structure of
ERS/tRNA/Glu, superposed on that of ERS/
Glu (stereo view). For ERS/tRNA/Glu, the
amino acid residues belonging to the Ross-
mann fold and CP (or acceptor-binding)
domains are colored orange and blue, re-
spectively, as in Figure 1. The a7 and b10-a8
regions within the Rossmann fold are high-
lighted in magenta. The bound glutamate
molecule and A76 are colored green and
salmon, respectively. The tRNA backbone
trace is shown with a yellow tube. As for
ERS/Glu, the entire GluRS structure is shown
in transparent gray. The bound glutamate
molecule is colored yellow. In this panel,
Arg205 and Trp209, which cover the gluta-
mate molecule, are omitted.
(B) The same as in (A), but viewed from a
different direction.202–223), bearing Arg205 and Trp209 (Figure 5B).
These five amino acid residues (Tyr187, Asn191,
Asp195, Arg205, and Trp209) constitute one side (half)
of the glutamate-binding cavity. Although the shifts of
these residues are subtle, they are sufficient to complete
the glutamate side-chain-binding site. The distance be-
tween the Tyr187 hydroxyl group (Oh) and the Arg5 gua-
nidinium group (Nh2) is enlarged from 4.7 to 5.2 A˚ along
with the w1 A˚ shift of the a7 helix, and this creates
sufficient space for the docking of one of the carboxyl
oxygens (O31) of the glutamate g-carboxyl group
(Figure 5B). Arg205 hydrogen bonds with His216 in
ERS/Glu (data not shown), whereas this interaction is
absent in ERS/tRNA/Glu, probably because of the slight
shift of the b10-a8 region. This shift allows Arg205 to in-
teract with the glutamate g-carboxyl group. Further-
more, Asn191 interacts with Arg205, and, thereby, the
Asn191 side chain changes its orientation upon tRNAGlu
binding to fill the space between Arg5 and Tyr187 (Fig-
ure 5). Thus, the glutamate g-carboxyl group is stably
docked to the ‘‘opened’’ or ‘‘enlarged’’ side-chain-bind-
ing site, consisting of Arg5, Tyr187, Asn191, and Arg205.
It is important to note that A76 not only directly inter-
acts with glutamate, but also plays a key role in the re-
arrangement of the binding site. The phosphate group of
A76 interacts with the Tyr187 amide NH (Figure 5). The
A76 base stacks on Trp209, which, in turn, stacks on
Tyr187. Thus, A76 is an integral part of the mature gluta-
mate-binding site, and its existence seems to be crucial
for the correct positioning of both Tyr187 and Trp209.
This becomes obvious when the ERS/tRNA/Glu struc-
ture is compared with the previous ERS/tRNA/ATP struc-
ture (Table 1) (Sekine et al., 2003). In the latter complex,
A76 bindsw1.5 A˚ deeper toward the glutamate-binding
site relative to that in the former, probably due to the lack
of the bound amino acid (see Figure S1 in the Supple-
mental Data available with this article online). Concomi-
tant shifts of the Trp209, Tyr187, and Asn191 side chains
are observed, and these changes deform the amino acid-
binding site. Hence, A76 appears to play a critical role
in defining the glutamate-binding site. The comparisonalso suggests that the glutamate-binding site possesses
high plasticity and that the formation of the mature bind-
ing site depends not only on the bound tRNAGlu, but also
on the existence of the bound glutamate itself.
Here, we compare the manner of the glutamate inter-
action in ERS/tRNA/Glu with that in the previous non-
productive complex of GluRS, ATP, and glutamate
(ERS/ATP/Glu; Table 1). Despite the lack of tRNA in the
previous complex, the glutamate interactions with the
Arg5, Tyr187, Asn191, and Trp209 side chains are con-
served between the two complexes, and the glutamate
conformations are similar. On the other hand, in ERS/
ATP/Glu, the tRNA-induced a7 shift and the conforma-
tional change in the Arg205 side chain are not observed,
and the glutamate position is shifted byw0.5 A˚ in the di-
rection of the lid, as compared with that in ERS/tRNA/
Glu. Thus, the glutamate position is shifted by about
0.8 A˚ in ERS/ATP/Glu, and by about 1.3 A˚ in ERS/
tRNA/Glu, from the position in ERS/Glu. In ERS/ATP/
Glu, the 30-hydroxyl group of the ATP ribose interacts
with the glutamate a-carboxyl group (Sekine et al.,
2003). The ATP ribose in ERS/ATP/Glu seems to partially
mimic the role of the A76 ribose in ERS/tRNA/Glu in
order to hold the amino acid near the tRNA-dependent
position. However, as the ATP is docked in the ‘‘nonpro-
ductive’’ subsite of the ATP-binding site in ERS/ATP/Glu
(Sekine et al., 2003), tRNA is required for the amino acid
activation to occur by switching the ATP-binding mode
to the ‘‘productive’’ mode. The role of the ATP molecule
in the glutamate binding and activation in the quaternary
complex of GluRS, tRNAGlu, ATP, and glutamate is
described in the following section.
The Pretransition-State Quaternary Complex
To examine the binding manner of the substrates in the
pretransition state of the amino acid activation reaction,
we determined the crystal structure of ERS/tRNA/ATP/
Eol, an analog of the quaternary complex of GluRS,
tRNAGlu, ATP, and glutamate (Figures 6A, 6C, and 7
and Table 2). In this complex, the glutamate is replaced
by its nonreactive analog, glutamol (Eol), in which the
tRNA-Dependent Amino Acid Recognition by GluRS
1797a-carboxylate is reduced to an alcohol (Figure 6A). The
overall protein and tRNA structures in ERS/tRNA/Glu
and in ERS/tRNA/ATP/Eol are fundamentally the same
(rmsd = 0.57 A˚ over all of the protein and RNA atoms),
and all of the glutamate (or Eol) interactions with the
enzyme are conserved (Figure 7). In ERS/tRNA/ATP/
Eol, the orientation of the Eol hydroxyl group can be in-
terpreted in two ways, probably because two Eol con-
formations exist in the crystal. In this complex, the last
entrance/exit of the glutamate-binding cavity is com-
pletely covered by the bound ATP molecule, thus gener-
ating a closed glutamate (Eol)-binding cavity (Figure 7).
The 20-hydroxyl group of A76 interacts with the ATP
g- and a-phosphate groups. On the other hand, the Eol
hydroxyl group forms a hydrogen bond with the ATP
a-phosphate group (O1A in one Eol conformation and
O50 in the other). The closed amino acid-binding cavity
suggests that the glutamate substrate must bind to it
before both ATP and A76 bind, as previously proposed
(Sekine et al., 2003). All three of the reactive groups,
the ATP a-phosphate, the glutamate a-carboxyl (Eol
hydroxyl), and the A76 20-hydroxyl groups, are concen-
trated at the lid, and this may facilitate the consecutive
aminoacylation reaction.
We made a plausible model of the quaternary pretran-
sition-state complex, based on the ERS/tRNA/ATP/Eol
structure, by replacing the Eol hydroxyl group with a car-
Figure 6. Glutamol in ERS/tRNA/ATP/Eol and Glutamyl-Sulfamoyl
Adenosine in ERS/tRNA/ESA
(A) Schematic drawings of L-glutamate (upper) and L-glutamol (Eol;
lower) (Desjardins et al., 1998).
(B) Schematic drawings of L-glutamyl-adenylate (upper) and 50-O-
[N-(L-glutamyl)-sulfamoyl] adenosine (ESA; lower). ESA is a nonhy-
drolyzable analog of glutamyl-adenylate, and it is known as a potent
competitive inhibitor of E. coli GluRS with respect to glutamic acid
(Ki = 2.8 nM) (Bernier et al., 2005).
(C) The annealed jFo 2 Fcj omit electron density contoured at 3 s,
showing the L-glutamol molecule in ERS/tRNA/ATP/Eol. Two alter-
native conformations of the Eol molecule (cyan and marine) are
superimposed.
(D) The omit electron density map corresponding to glutamyl-sulfa-
moyl adenosine in ERS/tRNA/ESA. The refined ESA model (light
green) is superimposed on the density contoured at 3 s.boxyl group to produce a glutamate (Figure 8A). As the
glutamate a-carboxyl group differs from the Eol hy-
droxyl group, it could not form a hydrogen bond with
the ATP a-phosphate group, and, therefore, its orienta-
tion was modified to diminish the electrostatic and steric
obstacles by anw80 rotation around the Ca-C bond. In
this model, the glutamate a-carboxyl group no longer in-
teracts with the 20-hydroxyl group of A76. The nucleo-
philic a-carboxyl oxygen is nearly coaxial to the leaving
P-O bond (their distance isw2.9 A˚), which seems to be
favorable for the amino acid activation reaction to occur
via an inline displacement. This is consistent with the re-
action mechanism proposed previously for E. coliGlnRS
(Perona et al., 1993). Our model suggests that, in the
pretransition state of the first reaction step, the A76
20-hydroxyl group must interact with the ATP phosphate
groups, but not with the glutamate a-carboxyl group,
and this shifts the a-carboxyl group to a competent ori-
entation for the reaction. This model is also supported by
the present ERS/tRNA/ESA crystal structure, which vir-
tually represents the posttransition state (Figures 6D and
8B; Table 2). GoA was used in the previous study (Sekine
et al., 2003), but, in the present study, we used ESA, as it
includes the amide ester linkage, which is analogous to
the phosphate ester bond in glutamyl-adenylate
(Figure 6B). The orientation of the glutamate a-carboxyl
group in the pretransition-state model (Figure 8A) super-
poses well on that of the carboxyl amide group of ESA in
the ERS/tRNA/ESA structure (Figure 8B).
Conclusions
The present study has shown that the formation of
a complex between GluRS and tRNAGlu facilitates the
formation of the complete glutamate-binding site. The
binding site is highly complementary to L-glutamate in
its shape, size, and charge/polarity distribution, thus
revealing the structural basis of the tRNA-dependent
Figure 7. The Glutamate-Binding Site in the Quaternary Complex
The amino acid-binding site in ERS/tRNA/ATP/Eol is shown. Two
alternative conformations of the Eol molecule are shown as overlaid
cyan and marine stick models. ATP, A76, and the protein amino acid
residues are colored orange, salmon, and white, respectively. The
solvent-accessible surface, calculated excluding the Eol models,
is superposed (transparent gold). In this figure, Arg205 and Trp209,
which interact with the Eol molecule, are omitted.
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formation, the amino acid-binding site increases its
affinity to the cognate glutamate, while the affinities for
noncognate amino acids appear to be eliminated, and
thus the strict amino acid selectivity is generated.
The mechanism of tRNA-dependent amino acid-bind-
ing site formation described here seems to be a common
feature in the Glu/GlnRS superfamily. The direct role of
A76 in the amino acid interaction has been described for
E. coli GlnRS (Bullock et al., 2003; Gruic-Sovulj et al.,
2005; Rath et al., 1998). Although the crystal structure
of GlnRS complexed with glutamine alone is not avail-
able, a comparison of the tRNA-bound and tRNA-free
GlnRS structures revealed a tRNA-induced conforma-
tional change similar to that observed in the GluRS struc-
ture (Sherlin and Perona, 2003), and this change seems
to account for the glutamine-binding site formation.
Glutamate recognition by the GluRStRNAGluATP
complex is coupled to the appropriate positioning of the
glutamate a-carboxyl group for amino acid activation
and, thereby, is directly linked to the catalytic event. In
the quaternary pretransition-state complex model of
GluRS, tRNAGlu, ATP, and glutamate, the reactive moie-
ties of the ATP and glutamate are close enough for the
reaction to occur. A final adjustment of the glutamate
a-carboxylate orientation is prerequisite, and this seems
to be driven by the ATP molecule, which binds close to
both the A76 ribose and the glutamate a-carboxyl group.
In the absence of tRNA, the ATP molecule binds to its
binding site in a ‘‘nonproductive’’ mode (Sekine et al.,
2003). The catalytically uncoupled state of the enzyme
eliminates the possibility of activating either cognate
or noncognate amino acid(s). This mechanism seems
to be crucial, not only to avoid undesired ATP consump-
tion in the absence of tRNA, but also to ensure error-free
aminoacylation in the process of protein synthesis.
Experimental Procedures
Crystallization
T. thermophilus GluRS and tRNAGlu were prepared as previously
described (Sekine et al., 1996, 1999, 2003). The ERS/Glu cocrystals
were obtained by equilibrating a hanging drop containing 5.0 mg/ml
Figure 8. A Model of the Pretransition-State Complex
(A) A model of the GluRStRNAGluATPGlu quaternary complex,
representing the pretransition state of the first reaction step. This
model is based on the structure of ERS/tRNA/ATP/Eol, and was pro-
duced by replacing the hydroxyl group of Eol by the carboxyl group
to make the glutamate. The glutamate (model), ATP, and A76 are col-
ored cyan, orange, and salmon, respectively. The arrow represents
the nucleophilic attack.
(B) The ESA molecule in the ERS/tRNA/ESA crystal structure is
shown as a stick model. The ESA and A76 are colored light green
and salmon, respectively. This structure may represent the posttran-
sition state of the first reaction step or the pretransition state of the
second transfer step. The arrow represents the nucleophilic attack.GluRS in 10 mM Mops-Na buffer (pH 6.5) with 5 mM MgCl2, 5 mM
2-mercaptoethanol, 1% polyethylene glycol (PEG) 6000, and 2 mM
L-glutamate, against a 1 ml reservoir solution containing 10% PEG
at 4C. These cocrystals belong to the orthorhombic space group
P212121, with unit cell dimensions of a = 81.2 A˚, b = 84.0 A˚, and c =
83.7 A˚. The asymmetric unit contains one ERS/Glu complex.
The ERS/tRNA/Glu and ERS/tRNA/ESA crystals were prepared by
diffusing 1 mM L-glutamate and 0.5 mM glutamyl-sulfamoyl adeno-
sine (ESA), respectively, into the ERS/tRNA binary complex crystals
(Sekine et al., 2001). The ERS/tRNA/ATP/Eol crystals were obtained
by adding both 1 mM ATP and 1 mM L-glutamol (Eol) to drops con-
taining the ERS/tRNA binary complex. For the tRNA-containing
complex crystals (ERS/tRNA/Glu, ERS/tRNA/ESA, and ERS/tRNA/
ATP/Eol), the crystallographic asymmetric unit contains two nearly
identical complexes (A and B). The discussion above is based on
one of these complexes (complex A).
Data Collection and Structure Determination
All of the diffraction data were collected from frozen crystals at
100 K, using synchrotron radiation at the SPring-8 beamlines,
BL41XU and BL44XU (Hyogo, Japan) (Table 2). The data were pro-
cessed with the HKL2000 program (Otwinowski and Minor, 1997).
Molecular replacement was done with the MOLREP program (CCP4,
1994). The protein coordinates from the previous ERS/ATP/Glu
structure (PDB ID: 1J09) (Sekine et al., 2003) were used as an
MR search model to determine the ERS/Glu structure. The GluRS
tRNAGlu complex in the high-quality ERS/tRNA/GoA structure
(PDB ID: 1N78) was used as the starting model to determine the
ERS/tRNA/Glu, ERS/tRNA/ESA, and ERS/tRNA/ATP/Eol structures.
The O program was used for manual fitting of models to the electron
density maps (Jones et al., 1991). The refinements were carried out
with the CNS program (Brunger et al., 1998; Table 2). In each case,
any model(s) of the substrate/ligand molecule(s) was omitted from
the earlier cycles of refinement, but was placed in the later rounds.
Stereochemical qualities of the refined models were estimated
by Ramachandran plots calculated by the PROCHECK program
(Laskowski et al., 1993). For structure comparison, the catalytic
domains (domains 1 and 3) in the ERS/Glu, ERS/tRNA/Glu, and ERS/
tRNA/ESA structures (complexes 1, 2, and 4) were fitted to those in
the ERS/tRNA/ATP/Eol structure (complex 3) as a reference by using
the LSQKAB program (CCP4, 1994) (rmsd values are 0.40 A˚, 0.13 A˚,
and 0.21 A˚, respectively, for 128 main-chain atoms).
Supplemental Data
Supplemental Data, including additional figures, are available online
at http://www.structure.org/cgi/content/full/14/12/1791/DC1/.
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